ABSTRACT: Including ecology in biodiversity data management systems requires classifications of habitat terms that provide standard definitions and indicate their relationships. In addition to databases, a wide range of intergovernmental, conservation and fishery organizations require classifications of habitats and ecosystems to enable comparisons between areas and organize information in maps and reports. However, all of the terms used to describe habitats are concepts whose definition is context-dependent. This paper reviews the key concepts and ecological perspectives involved in classifying marine 'habitats' and 'biotopes' (habitat plus its associated species) so as to advise how they may be used in data management systems. Classifications of biotopes provide practical measures of biodiversity at the ecosystem level. As an example the habitat of a benthic invertebrate is very different in spatial scale to that of a parasite, plankton, tuna or whale. Habitats can be geophysical and/or biogenic, and may operate at different spatial scales. For example, aggregations of deepsea coral colonies <1 m in diameter may form km-scale reefs which contain other habitats (e.g. sediments, sponges). An ecosystem can be physiographically defined as a lagoon, seamount, estuary, abyssal plain or entire ocean. Different sampling methods will define different regions, such as satellite images of ocean colour, acoustic maps of the seabed, in situ sampling of water or sediment cores and maps derived from analyses of species distributions that may define biogeographic regions. Because they are sampled (and thus defined) by different methods and can operate at different spatial scales, separate classifications are recommended for (1) nekton, plankton and benthos and (2) regions (defined to suit political, geographic or management areas), seascapes (defined by topography or water mass), biotopes and guilds (e.g. based on body size, diet or sampling method). Furthermore, it is recommended to record the measurable features used to describe biotopes (e.g. depth, dominant species, substratum) and to avoid imposing a classification hierarchy where the concepts and methods of defining them are different. Indeed, one can let users create the most parsimonious classification for their purposes.
INTRODUCTION
Habitat classifications are required for reporting, mapping and comparative analysis of ecological data. Since the early 19th century, they have been developed for local and regional surveys to help organise and describe the environment and associated assemblages of species in a consistent manner (e.g. Pérès & Picard 1964 , Connor et al. 2004 , Valentine et al. 2005 . Southern (1915) reviewed 14 publications since 1832 that distinguished marine habitats based on their characteristic species, their benthic or pelagic nature, intertidal zonation, substratum, salinity, wave action, depth and light penetration, and proposed a classification from the seashore to abyssal plain off the west coast of Ireland. Such classifications permit: habitats and marine resources (e.g. shellfish beds) to be mapped at different spatial scales to visualise their distribution and manage their harvest; ecosystem processes and services to be quantified in space and time; species to be grouped according to their habitat for ecological data analysis; and prediction of species occurrence from physical environmental data (e.g. Southern 1915 , Zacharias et al. 1999 , Costello et al. 1990 , 1999 , Costello 1992 , Connor et al. 2004 , Andrefouet et al. 2005 , Costello & Emblow 2005 , Cattrijsse & Hempel 2006 , Redfern et al. 2006 , Mumby et al. 2008 . Different habitats will require different sampling methods, so habitat classifications also provide a basis for designing monitoring programmes to assess environmental quality (Diaz et al. 2004) .
Environmental management and conservation requires standardised classifications and terminology for habitats to enable consistent mapping of the environment across all possible habitats. This aids ranking of areas for conservation management, such as in selecting locations for Marine Protected Areas (MPAs) so they are representative of the habitats of the country or region. In this instance, habitats are used as a surrogate for biodiversity because it is impractical to sample and map all species distributions in a region. However, as most ecological studies are local to regional in scale, the scope and structure of their classifications have been specific to their study areas.
The classification of biological species creates a phylogenetic hierarchy that represents a species' evolutionary history. In contrast, there is no common conceptual framework to provide a standard definition and classification of habitats, ecosystems and related concepts (Jax 2006) . They are variously defined by features such as geography, topography, sediment grain size, nutrients, salinity, temperature and/or species composition. Thus, to develop a global classification that covers all marine biodiversity, benthic and pelagic, shallow and deep sea, at a variety of spatial scales, is challenging.
During this decade, an increasing amount of marine species distribution data has been published online (Costello & Vanden Berghe 2006) . For example, the Ocean Biogeographic Information System (OBIS) publishes about 19 million records of over 100 000 species from 600 data sets (www.iobis.org, Costello et al. 2007 ). The Global Biodiversity Information Facility (GBIF) contains all the data from OBIS with similar mapping tools, plus additional data (http://data.gbif.org). One of the largest contributors to OBIS, OBIS-SEAMAP, enables exploration and analysis of marine mammal, bird and turtle distributions (Halpin et al. 2006 , Best et al. 2007 , while FishBase provides all kinds of information on fish (Froese & Pauly 2009 ). Another OBIS contributor, Hexacorallia, provides a world database on sea anemones with tools for mapping species against environmental data (Guinotte et al. 2006) , and AquaMaps provides predicted and editable species range maps (Kaschner et al. 2008) . However, at present none of these resources has a habitat classification to place these species distribution data in an ecological context. The Group on Earth Observations (GEO) is a partnership of over 80 countries that plan to create a Global Earth Observation System of Systems (GEOSS) that will require a method of classifying marine ecosystems (Andrefouet et al. 2008) . However, to make these data ecologically relevant requires classifying the species or their locations according to their environment. Classifications derived from local studies may not be suitable for application to studies from other geographic areas and/or which used different sampling methods. Thus it has been unclear how globally applicable databases should classify their data ecologically. This paper describes the key concepts and considerations in designing marine habitat classifications, including a short review of terminology. It then outlines how such data can be organised using existing geographic classifications and how each datum could be labelled according to standard habitat descriptors.
KEY CONCEPTS AND TERMINOLOGY
The terms habitat, biodiversity, ecosystem and ecotone are concepts, and thus can only be defined in a certain context. This context depends upon the species of interest and the sampling methods, thus different methods will provide different definitions of each term.
Habitats from perspectives of nekton, plankton and benthos
It is generally agreed that a habitat is defined as the physical and chemical environment in which a species lives. Researchers considering free-swimming and wideranging animals such as birds, mammals, turtles and fish (nekton) are likely to have different perspectives on habitat than those studying plankton and benthos. These 3 different perspectives also involve completely different methods of observation and sampling. Furthermore, these species vary in their spatial distribution on very different time scales. Nekton may move significant distances within minutes, whereas plankton move little but within a moving water mass, and benthic fauna and flora may never move within their lifetime (O'Dor et al. 2009 ). Both the environmental conditions and spatial area will be different for these different biota. Thus to combine the 3 perspectives of nekton, plankton and benthos within a single habitat classification seems unnecessary and is potentially misleading about their relationships.
Ecosystems
Ecosystems are the combination of one or more habitats with communities of species that can be consid-ered a functional unit (Jax 2006) . They are connected in their use of space, food or other resources at the same time, even though the ecosystem will exchange materials and individuals of its species with external ecosystems. Ecosystems are thus comprised of physical habitats, species and biogeochemical processes (e.g. nutrient cycles). Sometimes habitat and ecosystem are incorrectly defined as a geographic place where species live. However, both terms are normally applied to a set of physical environments that can occur repeatedly in space and time, such as estuarine ecosystems or seagrass beds. Thus they are recurrent ecological features. While the concept of ecosystem has heuristic value, it has been applied so loosely in the literature (Jax 2006) that it is thus difficult to standardise for data management purposes.
Biodiversity and biotopes
The Convention of Biological Diversity definition of biodiversity comprises 3 levels: (1) the population (genetic), (2) the community of species and (3) the ecosystem and its interactions (Costello 2001) . Biodiversity is always measured by the use of surrogates because of the cost and practicality of recording all species in any place repeatedly. The question is thus how appropriate are the surrogates at the population, community and ecosystem levels of biodiversity? Whether the available data are representative of marine biodiversity is uncertain because they only include a small proportion of the known species in an area, usually the larger and more conspicuous species that are easier to sample and identify. Furthermore, the proportion of species known to science varies from 10 to 90% in different geographic areas and taxonomic groups (M. J. Costello unpubl. data). The use of semiquantitative data on the dominant species with a list of associated species in a defined physical habitat (i.e. mapping biotopes) provides practical measures of biodiversity at all 3 levels. Additional data on the community structure and ecosystem interactions can be reasonably inferred from these data. Thus classifications that include biotopes can be used as ecosystem-level measures of biodiversity.
Ecotones
Boundaries between habitats may be narrow or broad, and play important functional roles in ecosystems in terms of nutrient flow and dispersal corridors (Risser 1995) . The seashore is such an ecotone (between land and sea), as is the reef edge (between reef and sediment habitats). Estuaries are ecotones between marine and freshwater environments and, like fronts between water masses, have high plankton biomass and productivity. Because these ecotones have uniquely different species abundances compared to adjacent habitats, I suggest that they are habitats and biotopes in their own right. At one level an ecotone is a boundary, but on closer examination it may contain several habitats within it. Thus for the purpose of this paper, ecotones are considered a useful concept to illustrate new habitats that arise from the interface between habitats. Whether they are presented as habitats or ecotones is likely to reflect the spatial scale of a study.
The IMCRA Technical Group (1998) discussed the presence of biotones, transition zones between biogeographic regions, and that they may be larger in area than some regions. While it is clear that there are major differences in species composition at geographic scales that are due to evolution over geological time scales, whether the regional biota change over boundaries or gradients is less clear (Southern 1915 , van der Spoel 1994 , Semina 1997 . Thus the utility of biotones is less evident than that of ecotones.
Methods of defining habitats: remote sensing, in situ sampling and expert opinion
There are 3 general methods of mapping where habitats occur in the environment, namely remote sensing, in situ sampling and expert opinion (Table 1) . Remotely sensed (satellite, aerial and acoustic) data provides different information at different spatial scales to in situ sampling (e.g. visual, gabs, cores, dredges, nets and traps) of the water column and seabed. The first may use satellites to map sea surface colour, and thus the distribution of phytoplankton biomass as chlorophyll across entire oceans. Satellite images and aerial photography can also be used to map shallow-water coral reefs, seagrass beds and probably other habitats (Andrefouet et al. 2008 , Wright & Heyman 2008 . Satellite-derived gravitational anomaly data have been used to produce world bathymetries (Smith & Sandwell 1997 , Becker 2008 , Becker et al. 2009 ) that could be used to identify large seabed features (M. J. Costello & A. Cheung unpubl. data) . Acoustic mapping has become the best way of providing terrain maps of the seabed at all depths (e.g. Legendre et al. 2002 , Freitas et al. 2006 , Wright & Heyman 2008 , and can be used to map tubeworm distributions (Degraer et al. 2008) .
The various sampling methods, from satellites to acoustic, video and spot samples, are suitable at different spatial scales (Kenny et al. 2003 , Diaz et al. 2004 ).
However, knowing what species are present almost always requires in situ samples taken at point locations or along transects (Wright & Heyman 2008) . Whether recorded by scuba diver, video, photographs or identified in the laboratory from seabed or water samples, this data provides a more accurate report of the species-habitat relationship than remotely sensed methods. However, the latter enable extrapolation of the extent of the habitat and likely species distributions. In both these cases the habitat definition is based on verifiable physical and/or biological data. Where such data are not available, or a mixture of data is available, habitat maps may be drawn by experts based on their opinion of available data.
Using expert opinion has the advantage of rapidly producing maps based on individuals' knowledge at low cost. The fact that different experts will have different experiences and perceptions may be helpful, especially if this is brought together to produce a standardised methodology. The fact that leading scientists produced the consequent maps may be an advantage and result in their acceptance by the scientific community. However, this sidesteps a more objective approach based on empirical data, and it may conceal data gaps. If the experts' focus is on a map produced by consensus rather than a common methodology, then the outcome may be a mix of different weightings of physical or ecological data and/or socioeconomic and political considerations. This particularly applies to maps of biogeographic regions as discussed below.
PRACTICAL CONCEPTS FOR HABITAT CLASSIFICATION

Four key concepts: regions, seascapes, biotopes and guilds
The physical environment that is used to circumscribe a species' habitat can vary greatly depending on the ecological perspectives and methods used to define habitats. Thus 'regions' of the ocean may be mapped using management criteria and expert opinion, 'seascapes' by topographic (physiographic) features, 'biotopes' by the assemblage of species in a particular physical environment and ecological communities as 'guilds' (Table 1) .
Regions
The boundaries of regions may be based on political history, physiographic features, depth zones and/or biogeographic knowledge. Recently, 3 biogeographic classifications have been proposed that collectively cover the epipelagic, coastal and deep-sea benthic environments: namely Longhurst (1998) , Marine Ecosystems of the World (MEOW) (Spalding et al. 2007) and Global Open Oceans and Deep Sea (GOODS) (UNESCO 2009). While many scientific publications, from textbooks to journal articles, refer to biogeographic regions at oceanic to global scales, they provide very limited or no species data to support these regions. In some cases, their boundaries may be primarily based on geography and politics, with species distributions playing a minor role (Vinogradova 1997 , Spalding et al. 2007 ). There is a danger that in using maps, readers may not appreciate the limited empirical support for such regions, and the intermingling of different types of information used to produce them. It may be better to think of maps derived from expert opinion alone as a hypothesis, and data-derived maps as models, of biogeographic regions.
The only global regions consistently based on a standard set of empirical data are those detailed in Longhurst (1998) for the open-ocean surface (epipelagic) waters. They provide the best estimate of ocean surface biogeographic regions for the world at present because they are based on environmental profile and ocean-colour satellite data as reasonable surrogates for phytoplankton biomass and ecosystem processes (Pauly 1999) . While the Longhurst (1998) is the most objective global marine biogeographic classification, it only applies to the surface ocean, its inclusion of coastal (neritic) areas is limited and it remains to be tested against pelagic and benthic species distributions. Longhurst (1998) distinguished 4 pelagic biomes, namely westerlies (wind mixed, euphotic), trades (distant geostrophic forcing, e.g. by Coriolis effect), polar (brackish surface due to ice melt) and coastal (land runoff and tidal forcing). These were defined by the dominant vegetation (phytoplankton) in a comparable way to terrestrial biomes, and subsequently divided into provinces based on depth-profile sample data. However, extensive Russian phytoplankton data have indicated only 4 distinct assemblages, polar-boreal, tropical, Atlantic and Pacific (Semina 1997) , although cosmopolitan, endemic and bipolar species occurred. Similarly, Russian zooplankton data indicated only 3 major biogeographic assemblages: Arctic-boreal, tropical and Antarctic (Vinogradov 1997) . Their vertical distribution could be divided into surface (epiplankton), migratory (interzonal) and deep-sea groups for mesoplankton (includes copepods); and into epi-, meso-, bathy-and abyssal-pelagic assemblages for macroplankton. While physical conditions partly explain plankton distributions, nutrient limitation, shading, competition, grazing and predation appear to also influence their distribution as they do in benthic and terrestrial environments (Vinogradov 1997 , Longhurst 1998 . Large Marine Ecosystems (LMEs) are a network of some 64 coastal areas selected due to their importance for resource management (Sherman et al. 2005) . The MEOW classification is also coastal, and it encompasses LMEs, countries' Exclusive Economic Zones (EEZ) and earlier national regions such as bioregions and ecoregions. MEOW comprises 232 ecoregions grouped into 62 provinces and 12 realms. Because of their size and location, the biota of these regions are likely to reflect their evolutionary history and degree of endemicity, and thus may be considered biogeographic regions. However, using other geographical areas, such as national boundaries or seas, could also illustrate biogeography. GOODS was developed to fill the open ocean and deep-sea gaps in MEOW, and similarly was hypothesis-and expert opinion-driven due to the limited new species data available for analysis (UNESCO 2009). However, it builds on the reviews of bathyal, abyssal and hadal data by Zezina (1997) and Vinogradova (1997) . Analyses of species distribution data are necessary to determine how equivalent MEOW, GOODS and other classifications of geographic areas are in terms of biogeography. It may be found that there are few or no distinct biogeographic boundaries in the oceans compared to the terrestrial environment (van der Spoel 1994).
While the classification of world terrestrial ecoregions was similarly grouped into biomes and realms, and benefited from the availability of vegetation cover data, it was also a compilation of existing biogeographic schemes rather than an analysis of species distribution data (Olson et al. 2001) . Despite the better quality and quantity of data for terrestrial than marine environments, the same issues of variation in the density of remotely sensed and in situ data in space and time compromise the combining of data collected by different methods in different places, seasons and years (Benson 2008) . Maps of classifications in both environments will benefit from greater transparency and repeatability of methodology so they can be repeated as new data emerge. Furthermore, biogeographic boundaries may change as species respond to climate change.
All of the above-mentioned classifications of regions recognise that their divisions warrant better substantiation by species distribution data. Looking forward, the publication of data used in biogeographic classifications should be mandatory and in open-access databases (e.g. GBIF) to allow the classification results to be reproduced and reanalysed when combined with new data (Costello 2009) .
A physical classification of the oceans related to depth zones is widely used, and includes littoral, sublittoral, continental shelf, slope, rise, plain, bathyal, abyssal, hadal, epipelagic and mesopelagic (Table 2) . However, definitions of the depth limits of these zones can vary (Vinogradov 1997) ; therefore, definitions based on species distributions, as used for coastal zonation (e.g. supralittoral, eulittoral and infralittoral), may be more useful. Within a region these may prove to be depth-related and thus practically defined by depth (A. Butler pers. comm.). Zones on rocky seashores are not defined in centimetres because it is well known that the limits of the zones vary with tidal range and wave exposure. The infralittoral zone is defined as the sublittoral area dominated by seaweeds, and its depth varies with water clarity. Similarly, it may be expected that the depth ranges of deeper sublittoral communities will vary according to light penetration, sea temperature and other factors in different parts of the oceans (Vinogradova 1997) . In the absence of practical biological definitions of deepsea seabed communities (below infralittoral), it is recommended that offshore regions be classified simply as depth zones without inferring any biological significance. The epipelagic zone is oceanographically defined as the wind-mixed sunlit (euphotic) surface waters above a seasonal pycnocline, and its depth can vary from 30 to 200 m (Longhurst 1998) . However, many texts classify it as the zone from the surface to 200 m. A study of fish assemblages on cold-water corals in the Northeast Atlantic found distinct coastal and deep-sea assemblages, but separated at 400 to 600 m depth, not 200 m . Further analysis of offshore zones may identify characteristic communities that provide biological definitions. The water column may be divided into nearshore (neritic, coastal) and offshore or oceanic water masses. As with depth zones, it is not possible to define these in kilometres, and biologically based definitions may be more valuable.
Seascapes
The term seascapes is used here to refer to underwater landscapes defined by their physiographic features. Alternative terms include marine landscapes, formations, geoforms, landforms, hydroforms, biogeomorphological units, geomorphic features and macrohabitats (Greene et al. 1999 , Butler et al. 2001 , Connor et al. 2004 , Madden & Grossman 2004 , Madden et al. 2005 , Heap & Harris 2008 . Examples include seamounts, fjords, canyons and lagoons (Table 2) . Their occurrence can be identified from coastline shape and bathymetric data. It is also possible to define water column (pelagic) seascapes by their hydrographic features, including fronts, pycnoclines, salinity, oxygen concentration and temperature characteristics; as done in Australia's National Marine Bioregionalisation (Commonwealth of Australia 2005) . Madden & Grossman (2004) referred to these as regimes, systems and hydroforms, although the more recent version of this classification has dropped the term regimes (Madden et al. 2009 ).
A particular seascape may occur in all or a few of the global marine regions, and thus no simple (unidirectional) hierarchical relationship can be applied. Because seascapes are defined using physical features, they are distinct from regions (defined by a mix of geographic, biological and/or political boundaries) and biotopes. A separate classification and dictionary of seascapes is thus necessary. Longhurst (1998) 
Biotopes
The separation of benthic marine habitats by vertical zonation, substrata and, for rocky seashores by wave exposure, have been established in the scientific literature for over 100 yr. The lowest levels of a benthic marine, or pelagic, classification would thus be a distinct group of species known to occur under specified environmental conditions in different places. It does not need to be stable in time, and may change with, for example, season, succession or climate change. The middle levels of a hierarchy may be arranged in different ways.
At a regional level, standards based systems for the classification of benthic and pelagic habitats have been developed. The most established is the Marine Nature Conservation Review (MNCR) BioMar classification for seabed habitats and biotopes developed using both data from Britain and Ireland, and expert opinion from throughout Europe (Costello 1995 , Hiscock 1995 , Connor et al. 1997a ,b, 2004 , Costello & Emblow 2005 . Building on further data and consultation with experts, this has now been applied to the Northeast Atlantic, Mediterranean, deep sea and pelagic ocean as part of the European Nature Information System (EUNIS, http://eunis.eea.europa.eu). It has a well-developed user manual detailing how to conduct field sampling, identify and map each level in the classification and describe new biotopes (Connor et al. 2004) . The upper levels of this habitat classification are physically defined (based on depth, substratum and wave exposure) and thus applicable on a global scale. The lower levels are biotopes that will vary geographically as do species distributions, but the principles and framework of the classification can be applied globally. For example, benthic biotopes have been mapped in British Columbia (Zacharias et al. 1999) and Australia (Butler et al. 2001 ) using a similar process to the BioMar project. Madden et al. (2005 Madden et al. ( , 2009 ) provided a classification of regions and seascapes for North America, and envisage its lower levels will include habitats and biotopes in a similar manner.
The process of describing, classifying and identifying biotopes can be compared to a species phylogeny. A set of characteristics, in this case the dominant species and physical environment, are used to describe and identify the biotopes and place them in a hierarchical classification structure. Thus the existing habitat classifications hierarchies do not reflect biological relationships or ecological succession. New biotopes will continue to be described as ecological surveys continue, and can be inserted in existing classifications. As in species taxonomy, the most informative operational unit for research and management is the lowest, namely the biotope.
Biotopes are part of habitats in the strict sense in that they are defined by the species present. Although a biotope was first defined as the part of an ecosystem in which a community of species (i.e. a biocoenosis or species association) lived, and has been thus used in oceanographic (e.g. Van der Spoel 1994 , Semina 1997 , Vinogradov 1997 ) and freshwater (Padmore 1998 ) studies, it is now more widely used to include both this habitat and the biocoenosis (Olenin & Ducrotoy 2006) . Benthic biotopes are synonymous with facies. It is used here because the term habitat has been so widely used that it may also refer to regions and seascapes, and sometimes is used interchangeably with the term biotope. Thus for clarity here the term habitat refers to the physical environment in which a species lives, whether physical or biogenic in form (e.g. coral reef).
In Europe, EUNIS is the most likely classification to be used because it is a formal part of the regulatory system used for selecting conservation areas and conducting environmental assessments. In addition, it has the most integrated and ecologically relevant methodology of available systems (e.g. Connor et al. 2004) , and has been steadily expanded to other geographic and ocean regions over the years. However, users should remember that this classification hierarchy is designed for administrative purposes rather than scientific research, such that similar levels in the hierarchy are not always ecologically equivalent, as species may be in a taxonomic hierarchy. The directly related classification described by Connor et al. (2004) provides a more balanced hierarchy for benthic habitats, and is available from www.jncc.gov.uk/MarineHabitatClassification. It should be noted that phytoplankton and zooplankton data indicate relatively few pelagic water column biotopes in terms of species composition (Semina 1997 , Vinogradov 1997 , indicating that these may be aligned with open water seascapes.
Guilds
Marine animals and plants are commonly grouped according to where they live, their diet, body size and habit, largely reflecting the sampling methods used and subdisciplines in ecology (Table 3) . For example, in the water column there are pico-, phyto-, zoo-, mero-and holo-plankton, neuston and nekton (Lincoln et al. 1998 ). On the seabed there are mega-, macro-, meio-, epi-and infauna, as well as microphytobenthos and epibiota. Demersal (benthopelagic or hyperbenthic) species occur near the seabed, and parasites use other species as habitats. Major groups of organisms can be related to these concepts, and most species can be classified into these categories. Clearly these are useful concepts in ecology and help determine whether data sets are comparable for analysis or management. Current benthic classifications are limited to particular guilds; for example, the MNCR BioMar classification was based on visually conspicuous (by diver or video) species and analysis of macrobenthos collected by grabs, cores or dredges.
Approaches to classifications
The marine environment has been classified in different ways depending on user requirements and resources. These include political, geographic, latitudelongitude, depth, biogeographic regions, seascapes, habitats and biotopes. Approaches have been led by geophysical structure (Greene et al. 1999 , Valentine et al. 2005 , oceanographic and biological processes (Zacharias & Roff 2000) , species-habitat relationships (Connor et al. 2004 , Butler et al. 2001 , Zacharias et al. 1999 and their combinations (Madden et al. 2005 (Madden et al. , 2009 . Habitat classifications are the most accurate and ecologically relevant at the biotope level because of the direct relationship between the biota and their environment. This usually requires in situ field data. In contrast, classifications of the environment derived from remotely sensed satellite and aerial images decrease in accuracy as habitat complexity increases , Capolsini et al. 2003 .
Classifications have been developed for freshwater systems in a similar way to marine: first defining habitats by their physical environment and then their associated fauna and flora (e.g. Hawkins et al. 1993 , Padmore 1998 , Strayer et al. 2006 ). In contrast, terrestrial classifications have been primarily based on classification of plant communities (Devillers et al. 1991 , Olson et al. 2001 ). On land, plant communities can be a good surrogate for biodiversity (e.g. Blake et al. 2003) because they reflect climate, soil and hydrology conditions, and most animals are directly or indirectly dependent on them for habitat and/or food. They are also amenable to mapping by remote sensing. This approach is not possible in the marine environment because plants only occupy shallow waters and, while phytoplankton chlorophyll can be mapped from satellites, its species composition cannot (Platt & Sathyendranath 2008) . In the sea, 3-dimensional habitat structure is provided by geology, hydrology, seaweeds and a wide range of animal taxa from sponges to tubeworms and corals, and is used in defining habitats. However, these species are dependent on the underlying substratum, so it is more appropriate for marine classifications to be based on the physical environment, whether geological or biological in origin.
Geophysical
Classifications of offshore seabed habitats have produced maps based on topographic features at a range of spatial scales. Greene et al. (1999) distinguished megahabitats (seascapes), mesohabitats, smaller seascapes and macrohabitats (e.g. boulders, caves, biogenic habitats) and microhabitats (seabed material, crevices and relief, individual sessile animals) ( Table 4) . The term microhabitat is widely used in ecology to refer to habitats that are small in area, typically on a scale of centimetres or millimetres. Strictly speaking, habitats lack a maximum area and some may be larger or smaller than indicated on this scale. Nevertheless, both field survey methods and maps need such a scaling system. Valentine et al. (2005) proposed a set of basic parameters, largely geophysical, on which to build a habitat classification. These are encompassed in the biotope classification of Connor et al. (2004) , and both were designed to provide a structured vocabulary for use in data management. 260 Table 3 . Groups of marine species may be classified ecologically as guilds based on their body size, environment, diet and habit. The body size prefixes have been applied to fauna, flora, biota, plankton and benthos; in practice they refer to the mesh size of the net or sieve used to capture them
Body size
Pico-; nano-; micro-; meio-or meso-; macro-; megaEnvironment Pleuston; neuston; plankton; nekton; phyto-, zooplankton; demersal (hyperbenthos, benthopelagic); benthos; epifauna, flora, biota, epipelic; infauna, endopelic; interstitial One of the most important variables in determining species habitat is substratum, but as yet, this data lies scattered in different marine charts, ecological publications and unpublished data sets, and sampling of the ocean is very variable. Benthic ecologists routinely collect seabed substratum data in conjunction with data on those species which may complement the geological surveys. Often only sediment data is available from grab and core samples with larger rocky and biogenic reef habitats overlooked unless photographic surveys are conducted. However, an initiative is underway that is integrating data sets globally (Jenkins 2008 ). This project, dbSeabed, uses both numerical data on sediments and word-based descriptors (e.g. shell, seagrass) and will benefit ecologists interested in habitat mapping.
Processes
The Longhurst (1998) pelagic areas were defined based on measures of ecosystem processes, including phytoplankton biomass and productivity. Comparison of these pelagic areas with benthic species data may reveal that the latter data correspond to Longhurst's (1998) areas. Zacharias & Roff (2000) proposed a classification using ecological and biological processes at the population (e.g. dispersal, migration, recruitment, evolution, reproduction and indicator species), community (e.g. predation, disease, endemism, biomass and diversity) and ecosystem (e.g. productivity, biogeochemical cycles, retention, anomalies and desiccation) levels. Because all of these processes occur to some extent in most ecosystems, their use in a classification would require quantification. While important biologically and ecologically, their dynamic nature would make them more costly to measure and map than the physical and biological data proposed in most classifications. Instead, defining areas as Longhurst (1998) has done over which these processes vary can be useful in linking biological productivity to environmental conditions. How these ecosystem processes relate to species' biogeographies is not clear.
Biogeography
There has been no analysis of biogeographic patterns across all taxa for any region, nor for the pelagic and benthic environments at global scales (Eckman 1953 , Briggs 1974 , although various components have recently been reviewed (e.g. Semina 1997 , Vinogradov 1997 , Vinogradova 1997 , Zezina 1997 , UNESCO 2009 . Present patterns proposed are compromised by (1) insufficient taxonomic understanding, where widespread species have later been found to be several species; (2) contrasting maps for different taxa; and (3) maps showing species locations without indicating where they have been sampled for and not found (Longhurst 1998) . These patterns may vary with depth, so marine biogeography should be considered to have 3-dimensions. In the case of mobile species, such as some large fish and mammals that travel across entire oceans and vertically migrating plankton, their biogeography will change with time, a fourth dimension. The big opportunity and challenge for marine biogeography is to utilise the online databases to map species distributions in both space and time. These databases will contain errors in their source data sets and in data transmission related both to species iden-261 As it is unlikely that all the source data sets will be corrected, it is likely that derived products from such megadatabases will be produced, generating new resources for research and management. For example, species range maps are already being produced by matching known species distributions against environmental data (Kaschner et al. 2008) . Biogeographic studies typically use species distribution ranges rather than recorded locations because sampling usually has significant geographic bias. Thus a species range provides a truer picture of where a species may occur. A study may use a species' latitudinal limits or assume it occurs within a wider geographic area (e.g. Mediterranean). Species range maps may be produced by enveloping the recorded locations, and improved by using environmental and habitat data to predict suitable geographic locations, socalled environmental niche mapping (Costello & Vanden Berghe 2006) . Several approaches using online and desktop software facilitate this (e.g. Guinotte et al. 2006 , Kaschner et al. 2008 ). An extension of this approach would predict species ranges under future climate change scenarios. However, within a species' range, an individual will only occur in suitable habitats and where it has a healthy population. Thus biogeographic studies will benefit from habitat information both in predicting species ranges and, at a more local scale, in where species will occur within their range.
Spatial scale
A distinction has been made about the spatial scale of habitat for nekton, plankton and benthos, and regions, seascapes and biotopes (Table 4) . One or more regions may be habitats for migratory mammals, birds, turtles and fish, while seascapes may be an appropriate scale for others. Seascape terrains have been correlated with fish species distribution and richness in coral reefs (Iampietro et al. 2008 , Kracker et al. 2008 , although these results may be biased by fishing (Wedding & Friedlander 2008) . Current interpretation of oceanographic data suggests there may be only 3 or 4 biogeographic regions and that, combined with vertical zonation, these may be equivalent to pelagic biotopes. The movement of ocean currents horizontally and vertically, wide dispersal of pelagic nekton, vertical migration of zooplankton and widespread plankton expatriation contrasts with the spatial resolution of benthic biotopes at scales of a few metres.
Regions, seascapes and biotopes are in principle without a minimum and maximum size. Lough Hyne, a 1 km 2 sea inlet in southwest Ireland, has been referred to as a giant rock-pool because it has a tidal rapids, a deep basin and is sheltered from wave action. Also like rock pools, coastal lagoons can be permanent or seasonal, and range from freshwater ponds to those with euryhaline or hypersaline conditions (Barnes 1994) . The Baltic Sea could be considered a giant estuary, ranging from full freshwater to full salinity. Seascapes typically have multiple biotopes within them, varying in substratum, depth (light) and wave and current exposure. But, like landscapes, it is common usage that they will be 100s to 1000s of square metres in area. However, at some point a decision is required as to when to delimit their area. The MNCR BioMar project used 5 m 2 as its minimum area for field recording of biotopes (Connor et al. 1997a, b) . Other classifications address habitats from scales of >1000 km 2 to 1 m 2 (Table 4) . proposed a classification of areas based on their areal extent, namely ecozones (e.g. Pacific Ocean), ecoprovinces (continental margins, e.g. Pacific north-east), ecoregions (marginal seas), ecosections (coastal seascapes) and ecounits (biotopes). The size of these areas has not been correlated to, or distinguished by, either species distributions or ecosystem processes data. Data users can apply area-based classifications as their needs require, so it may not be necessary to categorise data in this way a priori.
Classification hierarchies
Habitat classifications imply or provide definitions of words used and show their relationships. It helps if these are hierarchical because one can then map habitats at different levels depending on the scale and size of the map, end-user needs and available data. Importantly, it also means that, like a classification of species, lower levels can be aggregated into higher levels. In reality, classification hierarchies are multidimensional but they are forced into linear lists for presentation purposes. Pelagic and benthic habitats are usually classified separately because their environments and species are so distinctive (e.g. Southern 1915 , Roff & Taylor 2000 . Matrices provide a more natural, but still 2-dimensional, relationship between biotopes (Connor et al. 1997a ,b, Costello & Emblow 2005 , and were used by Pruvot in 1897 to illustrate intertidal and subtidal biotopes (cited in Southern 1915) . Such frameworks can be useful in identifying gaps in sampling and the occurrence of habitats in a study area. Some habitats in such a framework may not exist, such as wave-exposed habitats in the deep sea.
The exchange of marine habitat data would be facilitated if the (word or code used to) name of a habitat automatically and unambiguously informed the database as to its position in the hierarchy. This is analogous to being able to tell from a species name what family, order, class and phylum it belongs to. However, this does not mean a single hierarchical classification. Users could create their own classification according to their needs by linking regions, seascapes and biotopes. For example, one user may wish to classify by country/ estuary/littoral/mudflats/Corophium community, and another a Longhurst area/deep-water coral reef.
Levels in a hierarchy may reflect conservation priorities, the history of the classification and/or available scientific information; others may place similar concepts at the same level as in taxonomic phylogenies. For example, the MNCR BioMar classification (Connor et al. 1997a,b) first classified biotopes by the physical conditions that were most important in separating them (e.g. substratum, then wave exposure); this classification is now nested within EUNIS whose levels represent its development as a nature conservation tool.
DATA MANAGEMENT ISSUES Interoperability
The arrival of software that enables interoperability between databases provides new opportunities to publish and thus share data between researchers and endusers located in different cities and countries. However, data interoperability requires standardised fields that form a data schema that is the basis of the middleware that connects different databases. Already, the publication of geographic, taxonomic and time of collection data on marine species is underway through GBIF and related initiatives. However, many users are only interested in particular habitats, such as coral reefs, seagrass beds, seashores, estuaries or seamounts. Others may want to know where certain habitats occur or how much of a habitat exists in an area. To provide ecological context to marine species distribution data, these online databases need to develop a system for exchanging data on marine habitats. The present overlays of global bathymetry, sea surface temperature, salinity and other environmental data have a role in mapping marine habitats. However, ground-truth data associated with the species being mapped will provide the greatest accuracy. Another approach may be to relate species or higher taxonomic groups to one or more habitats. This will need some research to deal with different habitats for adults and larvae, how to deal with species that are exceptions within their genus or family, and perhaps other factors. The requirements of a global marine habitat classification are to (1) facilitate data and information exchange and interoperability; (2) be relevant to end-users, including those in conservation, fisheries, research and education; (3) include a comprehensive glossary of terminology; (4) use simpler terms and minimise jargon; (5) be consistent with existing use of terminology in marine ecology; (6) relate to existing marine habitat classifications; (7) enable capture of marine habitat information from existing data sources; and (8) enable capture of marine habitat information from new data sources.
While there may be few databases that already have matched species and/or geographic locations to a standard habitat classification at present, many publications have done so. In either instance it will be necessary to translate between terminology to integrate data into larger databases as part of the interoperability process. An automated service that matches species names with their synonyms is available at www. marinespecies.org, and exceptions may be sent to taxonomic editors for inclusion in the database as valid species or new synonyms. A similar system for habitats could be established, such that any unrecognised terms would be noticed and sent to experts for classification. Because a wealth of data and information already use regional classifications, a global-scale classification should build on and/or be able to translate from them. The concepts discussed in this paper provide a basis for such a translator.
Vocabularies
The growth of large databases, such as GenBank and GBIF, depends upon many small data sets being integrated using standard data schema and exchange protocols. To allow this interoperability, data need to follow defined vocabularies, including understanding of semantic relationships that show how terms are related (e.g. equivalent, or if one is a subset or superset of another). Both research and environmental management benefit from the availability of standardised marine habitat classifications because alternative terminologies will be minimised, dictionaries (or glossaries) of terms become available and relationships between concepts apparent. This simpler and better definition of words used to describe and label marine habitats should improve communication between scientists and end-users, and reduce alternative uses of words. However, knowledge of other uses of words is necessary to interpret the scientific literature. For example, the term littoral in marine ecology normally applies to the intertidal or seashore, but it has also been used to mean the coastal land and continental shelf (Aquatic Sciences and Fisheries Abstracts [ASFA] 2009). Thus, to develop the semantic web, where relationships between words are understood by comput-ers, terminology would need to mapped into ontologies. The Marine Metadata Interoperability initiative (MMI 2009) aims to develop such resources.
A useful online glossary of terminology that cites the sources for each definition is available from the Marine Life Information Network (MarLIN 2009 ), the ASFA thesaurus (2009) provides relationships between terminology, and seascapes have been defined by the International Hydrographic Organization (IHO 2008) and Heap & Harris (2008) . Such resources provide the basis for an online dictionary of terminology. Being online it could grow in time and include alternative definitions. It could include definitions proposed by experts in marine ecology exposed to peer review and subsequently endorsed by a panel of experts. Such a dictionary should be a priority for a data exchange system because it will allow future translation between terminologies and cross-mapping between classifications.
Shortened versions of the descriptive titles of habitats and biotopes are useful in data management and labelling of maps. Such coding systems have been reported in several studies (e.g. Valentine et al. 2005) . Connor et al. (1997a Connor et al. ( ,b, 2004 ) provide a hierarchical, human readable, letter code for biotopes that can be directly related to the numerical administrative codes used in EUNIS. Madden et al. (2009) proposed a similar letter code for North American biotopes.
Role of primary data and metrics
For data management, it is preferable to record the basic features of biotopes, such as seabed relief and sediment, depth and the dominant fauna and flora, especially the density of those species that may provide habitat structure for other species (e.g. coral reefs, shellfish and seagrass beds, kelp and mangrove forests) (Tables 4 & 5) . Where parameters can be quantified, through measurement (e.g. depth, temperature) or some semi-quantitative scale (e.g. wave exposure), these data should be recorded to enable more accurate classification of habitats.
Where a well-established biotope classification exists it may be directly applied to sample data. Thus data schema standards may be expanded to include dictionaries and codes for biotopes so users can search for data on particular biotopes. In addition, it may be possible to identify biotopes from the presence of characteristic species. For example, some species only occur on the littoral fringe of wave-exposed rocky seashores, along the strandline of beaches or associated with chemosynthetic ecosystems. By entering the primary parameters from which classifications can be derived into a database, it should be possible for users to then classify habitats for their particular need. 
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EXISTING CLASSIFICATIONS
Marine habitat classifications have been developed from regional to local scales to aid the selection of conservation areas in France (Dauvin 1993 (Dauvin , 1994 , Britain and Ireland (Connor et al. 1997a,b) , Canada , Day & Roff 2000 , Roff & Taylor 2000 , Australia (IMCRA Technical Group 1998 , Commonwealth of Australia 2005 ) and the USA (Madden et al. 2009 ). They are increasingly in demand for the mapping and reporting of biodiversity by government and non-governmental organisations. Organisations such as the European Environment Agency (EEA), International Union for Conservation of Nature (IUCN), International Council for the Exploration of the Sea (ICES) and Food and Agriculture Organisation (FAO) have developed classifications from regional to global scales by summarising data in ecologically relevant areas defined by geography or environment, and/or areas considered practical for management purposes. Marine environmental data within New Zealand's EEZ have been compared with biological data to map ecologically relevant environmental areas that can be used in conservation planning (Leathwick et al. 2004) . A continental scale classification is operational in Europe, and others are being developed in North America, South America, Australia and New Zealand by NOAA, NatureServe, the Inter-American Biodiversity Information Network and Australian and New Zealand government agencies. The need for global marine habitat classifications for data management has been recognised by GEOSS, OBIS, UNESCO, UNEP (United Nations Environment Programme), FAO, the Intergovernmental Oceanographic Commission and the Convention on Biological Diversity; and for conservation management by WWF, IUCN, the Wildlife Conservation Society, The Nature Conservancy, NatureServe and the Ramsar Convention.
In terms of classifications of global regions, users can select which best suits their needs or their audience. At a global level, GIS-compatible digital maps are now available for political and geographic regions based on international standards, namely the EEZ and IHO (1953) seas and oceans. The ocean may also be classified by latitude-longitude boxes (the size depending on the users need) and by depth. These political, geographic and spatially defined systems are widely understood, standards-based, and probably the most widely used in descriptions of where species occur. Their combination may well define larger regions which are useful for management. For conservation planning and reporting the MEOW and GOODS systems may be preferred, and for fisheries the FAO, Longhurst or ICES areas. Shapefiles of the EEZ, IHO, LME, Longhurst areas or FAO regions are downloadable at www.vliz.be/vmdcdata/vlimar/downloads.php and ICES, upon request.
GEO is developing a standardised classification of terrestrial ecosystems based on climate, land topography, soil and land-cover data. Thus the regions mapped will be objectively defined by the same metrics, facilitating updating as improved data become available and providing a standard approach to collecting in situ data and regional planning. A similar approach could be conducted using ocean climate in 3-dimensions (i.e. water mass), seascapes from bathymetry, and substratum data. However, as previously discussed, the latter is lacking for most of the ocean at present, and the former require analytical effort.
Global bathymetric maps have been prepared using combinations of soundings and gravitational anomalies measured from satellites (Smith & Sandwell 1997 , Becker 2008 , Becker et al. 2009 ). The accuracy of these maps decreases with increasing resolution, but they should be adequate for defining seascape features larger than about 10 km. This will require clear definition of the seascapes in terms of depth, shape and slope at particular spatial resolutions; an issue recently raised in the proceedings of a symposium on marine GIS (Wright & Heyman 2008) . Similarly, analyses of environmental and pelagic species distribution data are required to establish the occurrence of pelagic seascapes and biotopes. It may be found that these are synchronous.
Drop-down menus can be provided in a database and website portal for predetermined regions, seascapes and biotopes (Table 2 ) and guilds (Table 3) . Examples of such options for Longhurst, FAO, ICES, IHO Oceans and Seas, EEZ and LME have been available from a drop-down menu on OBIS for several years (Costello et al. 2007 ). Similar searchable maps could be provided for any selection of shapefiles, such as MEOW or GOODS regions, or seascapes.
CONCLUSIONS
Because they are sampled (and thus defined) by different methods and can operate at different spatial scales, separate classifications are recommended for (1) nekton, plankton and benthos, and (2) regions, seascapes, biotopes and guilds. Furthermore, it is recommended to avoid imposing a hierarchical classification where the concepts and methods of defining them are different. The same biotopes may occur in multiple seascapes, and seascapes in multiple regions, while the same seascapes may have different suites of biotopes. Another way of testing the classification hierarchy is to judge how the lower levels help predict the upper levels. A species can predict the presence of a habitat, and perhaps a biogeographic region. However, a habitat will not necessarily predict a seascape, nor a seascape a region. Classifying regions, seascapes and biotopes separately is thus simpler for data management, and users can combine the concepts where appropriate for their purposes and thus create their own hierarchies.
There are several existing habitat classifications that can be used for data exchange and management. Some, here called regions and seascapes, can be presented as maps overlaid on point data. They can be defined as polygons in GIS and remain stable over time. In contrast, if biogeographic boundaries occur in the oceans (as opposed to gradients), then they are likely to move with changes in the ocean climate. Several options for global classification of regions are now available. However, standardised digital maps of seascapes remain to be published.
There is consensus that biotopes are the lowest level of marine habitat classifications. Habitats sensu strictu and biotopes are best linked to individual species data records because they are defined by the species present in a particular physical environment. Because of their ecology and changing environmental conditions, the extent and distribution of biotopes can change over time. Thus it may be best to generate biotope maps using carefully selected data (e.g. collected in a short time period) for particular uses. These biotope maps can become a valuable baseline in studies on the ecosystem effects of fishing and environmental change. Species characteristics used to define guilds (e.g. macrobenthos, plankton) can be used to classify data sets suitable for comparative analysis.
While the practical framework for a biotope classification is established, biotope inventories have only begun to be developed in Europe (EUNIS, Connor et al. 2004) , parts of Canada (Zacharias et al. 1999) , Australia (Butler et al. 2001 , Commonwealth of Australia 2005 ) and the USA (Madden et al. 2009 ). While classifications of the pelagic environment exist, pelagic seascapes and biotopes remain to be characterised.
The publication of millions of locations of thousands of species in online databases provides new opportunities for analyses to derive maps of marine biogeographic regions. Including ecological classifications will enable analyses that relate species phylogenies to ecological adaptations and ecosystem function. However, to achieve this at a global scale will require ecologists to be clear on what concepts they are classifying and why, and to build on the 2 centuries of experience in marine habitat classification rather than inventing new terminologies that may serve to confuse their audience. An online peerreviewed glossary of recommended terminology will help minimise alternative uses of terms and provide a vocabulary for data management.
The purpose of terms like habitats, ecosystems, biodiversity, ecotones and biotopes is to communicate important concepts. The clarification of these concepts for data management will reduce semantic confusion and increase positive feedback to benefit environmental management, research and education. 
